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We perform a quantitative, comparative study of the spin pumping, spin Seebeck, and spin Hall

magnetoresistance effects, all detected via the inverse spin Hall effect in a series of over
20 yttrium iron garnet/Pt samples. Our experimental results fully support present, exclusively spin
current-based, theoretical models using a single set of plausible parameters for spin mixing conductance,
spin Hall angle, and spin diffusion length. Our findings establish the purely spintronic nature of the
aforementioned effects and provide a quantitative description, in particular, of the spin Seebeck effect.
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Pure spin currents present a new paradigm in spintronics
[1,2] and spin caloritronics [3]. In particular, spin currents are
the origin of spin pumping [4,5], the spin Seebeck effect [6,7],
and the spin Hall magnetoresistance (SMR) [8-10]. Taken
alone, all these effects have been extensively studied, both
experimentally [6-9,11-13] and theoretically [4,14-18].
From a theoretical point of view, all these effects are governed
by the generation of a current of angular momentum via a
nonequilibrium process. The flow of this spin current across a
ferromagnet—normal-metal interface can then be detected.
The relevant interface property that determines the spin cur-
rent transport thereby is the spin mixing conductance.
Nevertheless, there has been an ongoing debate regarding
the physical origin of the measurement data acquired in
spin Seebeck and SMR experiments due to possible contami-
nation with the anomalous Nernst effect [19-21] or aniso-
tropic magnetoresistance [22,23] caused by static proximity
polarization of the normal metal [23]. Very recently, an alter-
native, proximity-effect based origin for the SMR has been
proposed [24]. To settle this issue, a rigorous check of the
consistency of the spin-current based physical models across
all three effects is needed. If possible contamination effects
are absent, according to the spin mixing conductance concept
[25], there should exist a generalized Ohm’s law between the
interfacial spin current and the energy associated with the
corresponding nonequilibrium process. This relation should
invariably hold for the spin pumping, spin Seebeck and spin
Hall magnetoresistance effects, as they are all based on the
generation and detection of interfacial, nonequilibrium spin
currents. We here put forward heuristic arguments that are
strongly supported by experimental evidence for a scaling law
that links all the aforementioned spin(calori)tronic effects on
a fundamental level and allows us to trace back their origin to
pure spin currents.
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We carried out a systematic set of spin pumping, spin
Seebeck and SMR experiments on Y;FesO;, (YIG)/Pt
thin film bilayers. In our spin pumping experiments [sche-
matically depicted in Fig. 1(a)], we place YIG/Pt bilayers
in a microwave cavity operated at v = 9.85 GHz to res-
onantly excite magnetization dynamics. The emission of a
spin current density J, across the bilayer interface into
the Pt provides a damping channel for the nonequi-
librium excitations of the magnetization M. It has been
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FIG. 1 (color online). (a),(b) Schematic depictions of the spin
pumping and spin Seebeck effects. The magnetization M in the
ferromagnet (YIG in our experiments) is excited either reso-
nantly (a) or thermally (b). The M precession around H g (see
text) is damped via the emission of a spin current J; with
polarization o into the normal metal (Pt in our experiments).
(c) The spin Hall magnetoresistance is due to the torque exerted
on M by an appropriately polarized J which yields a change in
the reflected spin current Ji. The interconversion between J
(J%) and the charge currents J (J7) are due to the (inverse) spin
Hall effect in the normal metal.
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established that the magnitude of the dc spin current
density is given by [4]

sul
27 2
where v is the frequency of the microwave, ® is the cone
angle which the precessing magnetization M encloses
with the effective magnetic field H.y (the vector sum of
the external magnetic field and magnetic anisotropy
fields), & is the Planck constant, P is a factor to correct
for elliptical precession of M [26] and gy is the spin
mixing conductance per unit of interface area and the
conductance quantum e?/h.

As shown in Fig. 1(b), thermal excitations of M also
give rise to a spin current. This is the so-called spin
Seebeck effect [6,7]. Given a temperature difference AT
between the electrons in the normal metal and the magnons
in the ferromagnet, a dc spin current density [14]

ISP = hvPsin’@, (1)

ssE _ & _Yh
Js 27w MV, kg AT, )
is generated. We investigate the longitudinal spin Seebeck
effect [27], where the temperature gradient is applied
across the ferromagnetic-insulator—normal-metal inter-
face. In Eq. (2), v = gug/h is the gyromagnetic ratio
with the effective g-factor g and the Bohr magneton ug,
M is the saturation magnetization and V, is the magnetic
coherence volume given by [14]

2 47 D\3/2
Ya= 35(5/2)(kBT)

with the Riemann Zeta function £, the spin wave stiffness
D and T = 300 K for our room temperature experiments.

As depicted in Fig. 1(c), the application of a dc charge
current density J,. furthermore allows us to inject a dc spin
current density with direction vector J; * agyJ, X o into
the YIG via the spin Hall effect in Pt [8]. Here, agy is the
spin Hall angle of Pt and o is the spin current polarization.
If the magnetization M of the ferromagnet is oriented
perpendicular to o, J, can exert a torque on M by being
absorbed at the interface. When o is parallel to M, the spin
current is reflected at the interface, causing a spin current
Ji. Because of the inverse spin Hall effect, J; again gen-
erates a charge current density Jt * agyJ: X o that effec-
tively changes the electrical resistance of the Pt film.

The net spin current density JSMR = J. — JI for M || J,
is given by [17]

3)

15
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where e is the elementary charge, Agp is the spin diffusion
length in Pt, and pp, and fp, are Pt resistivity and thickness,
respectively. We furthermore introduced the correction
factor [15,17]

€2 tPt -1
n=|1+2gyppAsp—- coth—| . )
h Asp

As suggested by Egs. (1), (2), and (4), one should thus
observe a scaling J; = (gy;/27)E with an appropriate en-
ergy ESP, ESSE and ESMR that generates the spin pumping,
spin Seebeck, and SMR effects, respectively. Note that, due
to the inclusion of spin backflow via the correction factor
7, the spin mixing conductance enters the linear response
expression in a nonlinear fashion by defining an effective
excitation energy.

To experimentally test the scaling between J; and E, we
performed a series of spin pumping, spin Seebeck, and spin
Hall magnetoresistance measurements on more than 20
samples. Most of these samples consisted of thin film
YIG/Pt bilayers with varying Pt thickness. Additionally,
we used YIG/X/Pt trilayers in which X was a normal
metal (Au or Cu). A complete list of samples, details of
their preparation and relevant material parameters can be
found in the Supplemental Material [28].

In spin pumping experiments with electrical spin current
detection via the inverse spin Hall effect [29,30], it is
possible to determine JS¥ from the recorded dc voltage
AVgp in ferromagnetic resonance (FMR) as [5,11]

SP _ AVSP l
s Cn L’

with the sample length L and the open-circuit spin Hall
conversion efficiency [11]

(6)

2e t
C= Z aSH)‘SD tanh(z):D) %it, (7)
with 2 = h/(27). The factor 7 represents the effect of spin
diffusion. Equation (5) is valid for 27vry << 1 with spin
flip time 74 = 0.01 ps in Pt [15]. 7 is therefore a
good approximation for our spin pumping data
Qmvrg = 6 X 1074).

A typical experimental Vgp trace recorded for a
YIG(20 nm)/Pt(7 nm) sample at a fixed microwave fre-
quency v = 9.85 GHz while sweeping the external mag-
netic field H is shown together with a schematic of the
sample in Fig. 2(a). We observe a resonant Lorentzian line
shape of Vgp as a function of the external magnetic field
[11]. Within experimental error, Vgp = 0 far away from
FMR and AVgp is the dc voltage recorded at the resonance
magnetic field as indicated in Fig. 2(a). Because YIG is a
ferrimagnetic insulator and we took great care to position
the sample in a node of the microwave electric field, AVgp
is not contaminated with rectification voltages [31]. This is
supported by the purely symmetric Lorentzian resonance
line shapes observed. The sample length L ranged from 3
to 5 mm in the different samples investigated. We deter-
mined pp, from four point resistance measurements and #p,
from x-ray reflectometry.

We now turn to the evaluation of ES* =] hvPsin’®
[cf. Eq. (1)]. To this end, we extract ® = 2hyw/AH [32]
from the FWHM line width of the AVgp traces, where
Mohyw = 22 uT is the circular microwave magnetic field
that was determined from paramagnetic resonance calibra-
tion. We find 0.08° = ® = 0.55° in the different samples
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FIG. 2 (color online). (a) Typical spin pumping data obtained
from a YIG(20 nm)/Pt(7 nm) bilayer sample as sketched to the
right. AVgp is extracted at the ferromagnetic resonance as
indicated. (b) Data from a spin Seebeck experiment performed
using a piece of the same sample. A laser beam is used to
generate the thermal perturbation (see text) and AVggg is ob-
tained by taking half of the voltage difference observed between
positive and negative saturation magnetic fields in the geometry
sketched to the right. (c) dc magnetoresistance measurements are
used to extract Ap/p, as the change in bilayer resistance upon
rotating M from parallel (0°) to perpendicular (90°) to J..

investigated. We calculate the ellipticity correction factor
P = 1.2 as detailed in Refs. [5,26] using a saturation mag-
netization M, = 140 kA/m and an effective g-factor g = 2
[33]. We are now able to evaluate JF and ESP as a function
of the three parameters gy, sy, and Agp. We discuss below
that with a single set of these parameters we can quantita-
tively describe the spin pumping, spin Seebeck and SMR
data in the context of the spin mixing conductance concept.

In a different set of experiments, using parts of the same
samples patterned into Hall bar mesas by optical lithogra-
phy and subsequent Ar-ion etching, we determined the dc
voltage AVgqe due to the laser-heating induced spin
Seebeck effect [34]. A laser beam of adjustable power
(1.8 mW = P;, = 57 mW) impinges on the main Hall
bar (length L = 950 um and width w = 80 wm) which
is oriented perpendicular to the external, in-plane magnetic
field. The laser beam is dominantly absorbed in the Pt layer
and yields a temperature difference AT between the

magnons in YIG and the electrons in the Pt at the
YIG/Pt interface. We use a numerical model incorporating
a thermal contact resistance between the YIG and the
normal metal layers to compute the magnon, phonon, and
electron temperature profiles in our samples as a function
of layer composition and laser power [35]. We find
0.02 K = AT = 0.9 K. The spin current J$°F is detected
via the inverse spin Hall voltage Vgsg along the main Hall
bar. A typical Vggg curve is shown in Fig. 2(b) as a function
of the external magnetic field. The depicted hysteretic Vggg
vs H loop is consistent with our previous experiments [34].
The spin current density is extracted from experiment by

A VSSE 2w

JSSE — a

Cn an’ ®
where L from Eq. (6) is now replaced by a®7/2w with the
laser spot radius @ = 2.5 pum and the Hall bar width w =
80 wm. This stems from lateral integration over the
Gaussian laser spot profile to account for the fact that the
sample is heated only locally as demonstrated in Ref. [34]
and is valid as long as a << w, which is the case for all
investigated samples. We use the same values for C and 7
[36] as found for the spin pumping experiments to evaluate
JSSE. To quantify ESSE = yhkgAT/(M,V,), we use the
coherence volume V, = (1.3 nm)® which we obtain from
Eq. (3) by using D = 8.5 X 107%° Im? consistent with
theory and a broad range of experiments [37]. The error
in the calculated AT (and thus ESSE) is dominated by
uncertainties in the underlying material parameters [35].

In another set of experiments on the same set of Hall-bar
samples we measured the SMR in terms of the change Ap
in bilayer resistance p when rotating the magnetization
vector in the film plane from M || J. (pg) to M L J,
(po + Ap). Typical p(H) traces for M || J.(0°) and M L
J.(90°) are shown in Fig. 2(c). We observe the magneti-
zation switching at the coercive magnetic fields that agree
with those extracted from our spin Seebeck experiments.

From the SMR data, we extract the spin current density
[9,17]

Ap hip,

JMR = == ©

Ip
Po aSHe)\SD tanhz)‘le

from the experimentally determined Ap/p,. The
charge current densities in our experiments were
1.7 X 10 A/m? = J, = 1.7 X 10° A/m>.

We plot JSMR from Eq. (9) as a function of ESMR =
2eAsppp@sul. tanh[(tp/(2Agp)]m in Fig. 3(a) (squares)
for all samples. In identical fashion, Fig. 3(a) depicts J5°
as a function of ES? (circles) and JSSE as a function of ESSE
(up triangles). We use a single set of parameters, gy =
1 X10” m™2, agy=0.11 and Agp = 1.5 nm for all
samples. These parameters are identical to those extracted
from an analysis of the Pt thickness dependence of the
SMR [9]. We acquired data points for SMR and spin
Seebeck effect on various samples as a function of charge
current density or laser power, respectively. We
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FIG. 3 (color online). (a) Spin current density J as a function
of the nonequilibrium energy E for all investigated samples as
determined in spin pumping (circles), spin Seebeck (triangles),
and SMR (squares) measurements. The solid line is the propor-
tionality constant identified in the text as gy;/27r. Open symbols
correspond to YIG/Au/Pt trilayer samples and half-filled sym-
bols to YIG/Cu/Pt trilayer samples. (b) The spin mixing con-
ductance as a function of total normal metal thickness [same
symbols as in (a)].

furthermore include data recorded using YIG/Au/Pt (open
symbols) and YIG/Cu/Pt (half-filled symbols) trilayer
samples (symbol shape identifies spin pumping, spin
Seebeck or SMR data). To evaluate the trilayer data, we
assume vanishing agy and Agp >> ¢ for Au and Cu. We
thus modify C for spin pumping and spin Seebeck effect as
well as J, and Ap/p, for the SMR as detailed in the
Supplemental Material [28].

Altogether our experimental data span 5 orders of mag-
nitude in J and E. In this entire range, we observe that all
experimental data points fall on (or close to) one line in the
plot. As predicted by theory, the constant of proportionality
is found to be gy /2. This has several implications. First,
and most importantly, Fig. 3(a) is strong evidence for the
spin mixing conductance concept, i.e., that spin pumping,
spin Seebeck and SMR effects indeed arise from pure spin
currents physics. Spurious effects due to static proximity
polarization in Pt [21,23,38] can be excluded based on
Fig. 3(a), because if the measured spin Seebeck effect
and spin Hall magnetoresistance data were caused by
anomalous Nernst and anisotropic magnetoresistance ef-
fects, a common scaling relation cannot be expected.

accurate method to quantify the relevant AT [35,39]. A
spin Hall angle agy = 0.11 and spin diffusion length
Asp = 1.5 nm work well for our Pt thin films. These
parameters agree with the product agyAgp extracted in
previous studies [5,40,41] and more recent findings
[9,42—-44]. However, their strong correlation prevented an
univocal estimate of the separate parameters that were
found to vary as 0.004 = agy = 0.34 and 0.5 nm =
Asp = 10 nm for Pt. In our work, owing to the different
functional dependence of the three effects on these pa-
rameters, we extract Agp and agy more reliably.

Figure 3(b) shows gy = 27J,/E as a function of the
total normal metal thickness ty = tp, + tx (X is Au or Cu)
for all bilayer and trilayer samples. The symbol definitions
are identical to that in Fig. 3(a). The solid line depicts g, =
1 X 10" m™2 and the shaded region corresponds to 0.5 X
10" m™2 = gy = 1.5 X 10! m™2. The majority of our
data points lie within the shaded region, so gy is constant
within =50% for all our samples and regardless of the
experimental method used to extract it. There is no dis-
cernible trend in the J to E ratio as a function of Pt (or
X/Pt) thickness. This suggests that Egs. (6), (8), and (9),
are sufficiently accurate in the entire thickness range inves-
tigated. The unsystematic scatter in gy in Fig. 3(b) can be
accounted for as being experimental errors and varying
interface properties between the different samples. Our
trilayer samples exhibit a gy similar or slightly lower
than that of our YIG/Pt bilayers and previous findings
for the YIG/Au interface [45,46].

In summary, we have experimentally demonstrated that
spin pumping, spin Seebeck, and SMR all share the same
purely spintronic origin and thus experimentally validated
the spin mixing conductance concept. Spurious contribu-
tions due to proximity ferromagnetism in Pt can be ruled
out, thereby supporting existing models for SMR and the
spin Seebeck effect. A relevant set of parameters for a
ferromagnetic-insulator-normal-metal bilayer (or accord-
ing trilayer) obtained from rather straightforward SMR
experiments may be used to predict results for spin
Seebeck or spin pumping experiments on the same
samples.
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